Microstructure and tensile property in the weld heat-affected zone (HAZ) of austenitic Fe-Mn-Al-C low density steels were investigated through transmission electron microscopy analysis and tensile tests. The HAZ samples were prepared using Gleeble simulation with high heat input welding condition of 300 kJ/cm, and the HAZ peak temperature of 1200℃ was determined from differential scanning calorimetry (DSC) test. The strain-stress responses of base steels showed that the addition of V improved the tensile and yield strength by grain refinement and precipitation strengthening. Tensile strength and elongation decreased in the weld HAZ as compared to the base steel, due to grain growth, while V-added steel had a higher HAZ strength as compared than V-free steel.
Introduction
In recent years, many researches have focused on the development of low density steels for automotive industry, in energy saving concern. 1) In the literatures, Fe-Mn-Al-C steels have received much attention as a candidate material for low density automotive steel for past several decades. [1] [2] [3] [4] [5] [6] Frommeyer and Brüx 2) reported high-strength low density steels, the so-called TRIPLEX steels. TRIPLEX steel consisted of three main phases of austenite matrix, 5-15 vol.% ferrite and nano-size κ-carbide below 10 vol.%. Recently, Kim et al. 3) developed high performance low density steel, which had higher specific strength than Ti alloys. Interestingly, the developed steel showed high ductility despite the precipitation of brittle FeAl type intermetallic compound (B2). Yoo and Park 4) investigated the tensile deformation behavior of a Fe-27.8Mn-9.1Al-0.79C steel and reported that continuous strain hardening behavior occurred by microband-induced plasticity (MBIP). Lee et al. 5) and Park et al. 6) explored the tensile deformation behavior of duplex grade Fe-Mn-Al-C low density steel using a nanoindentation and in situ electron backscattered diffraction (EBSD).
Most previous investigations actively used fine κ-carbide as a strengthener of Fe-Mn-Al-C steels [1] [2] , while few studies have tried to use microalloying elements, such as Nb and V. 7) Their results clearly showed that Nb and/or V addition had an effect on the grain refinement, but didn't show detailed microscopic analysis. In addition, it is somewhat surprising that the study on the weld characteristics of Fe-Mn-Al-C steels is not available in the literature. With all this in mind, in this paper we developed austenitic Fe-30Mn-9Al-0.9C low density steel containing V and investigated its microstructure and tensile property in the base metal and the HAZ. The simulated HAZ samples were prepared by Gleeble simulator with high heat input welding condition of 300 kJ/cm. The microstructures were analyzed using scanning electron microscopy (SEM), and transmission electron microscopy (TEM). In addition, we evaluated the mechanical property using tensile tests, and discussed about correlation between microstructure and tensile property.
Experimental procedures
The chemical composition of tested steels in this study is given in Table Ingots were homogenized for 2 h at 1150ﾟC and then hot-rolled into plate. The base steels were prepared after solution-treatment for 2 h at 1050ﾟC and water quenching. The HAZ samples were prepared using Gleeble simulation (Gleeble-1500, DSI, USA). A schematic illustration of the thermal cycle is shown in Fig. 1 . This thermal cycle was calculated using Rosenthal's heat-flow equation. [8] [9] The HAZ thermal cycle in Fig. 1 was calculated for a heat input of 300 kJ/cm and a peak temperature of 1200ﾟC. Here, the HAZ peak temperature was determined from differential scanning calorimetry (DSC) test. Fig. 2 shows the DSC test result of steel A and indicates that the phase transitions including melting occurred at over 1,333ﾟC, i.e., the austenite phase is stable up to 1,333ﾟC and thus we selected 1,200ﾟC as a HAZ peak temperature. Tensile stress-strain relation of base steels and HAZ samples (ASTM E8M) was obtained through a tensile test machine (INSTRON 5882, Canton, MA, USA) at a nominal strain rate of 1. Fig. 3 shows SEM micrographs of the base metal after solution treatment. The matrix consisted of austenite containing some annealing twins. Compared to steel A, lots of particles were observed in the matrix of steel B, and they were randomly distributed regardless of the grain boundaries or grain interior. Fig. 4 shows the results of TEM analysis. Steel A consisted of full austenite matrix shown in Fig. 4(a) , while steel B contained fine carbides within the austenite matrix as shown in Fig. 4 (b) and here these particles were identified as VC particle of MX-type carbides through SAD pattern analysis. The SAD patterns in Fig. 4 Fig. 6 Optical micrographs of the HAZs With considering the report presented in the literature 7) , it is conceivable that VC particles in Fig. 4(b) were nucleated during solidification in VIM process, and they were coarsen during solution treatment at 1250ﾟC. Mean-while, Fig. 3 shows that the austenite grain size of steel B was much smaller than that of steel A and then the measured results are listed in Table 1 . This might be due to the effect of grain growth inhibition by VC particles, during solution treatment. Fig. 5 shows the tensile strain-stress curves of base steels, and indicates that steel B had higher yield and tensile strength. This might be due to the effect of grain refinement and precipitation strengthening. The Orowan mechanism is wellknown as the main precipitation streng-thening mechanism. [11] [12] Generally, the strength increase by Orowan mechanism is expressed as
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where G is shear modulus of matrix and b is Burgers vector. The parameter λ is the interparticle spacing between particles which is given as
where f is the particle volume fraction and r is the particle radius. Eqs. (1) and (2) indicate that the precipitation hardening by the Orowan mechanism depends on the size and fraction of particles, i.e., fine particles with high fraction are the most effective for precipitation hardening. As shown in Fig. 3 and Table 2 , steel B contained fine VC particles with high fraction and thus steel B had higher strength of more than 100MPa as compared to steel A. Meanwhile, the elongation decreased with increase in strength. Fig. 6 shows the optical micrographs of the simulated HAZ samples. The HAZ samples consisted of austenite and then their grain sizes increased as compared to the base steel shown in Fig. 3 . This might be due to grain growth during high temperature thermal cycle in the HAZ. Never theless, the grain size of steel B was smaller than that of steel A and this is because stable VC in steel B contributed to the grain growth inhibition in the HAZ. Mean-while, note that some of black spots in Fig. 6(a) were MnS inclusions and the others were pits caused by over-etching. Fig. 7 shows the tensile strain-stress curves of HAZs, and indicated that steel B had still had higher yield and tensile strength in the HAZ as compared to steel A. This might be also due to the effect of grain refinement and precipitation strengthening. Meanwhile, tensile strength and elongation decreased in the weld HAZ as compared to the base steel, which may be due to grain growth as mentioned above. It Fig. 7 Tensile test results of the HAZs is somewhat interesting that yield strength in Table 2 strength increased rather than deterioration in the HAZ as compared to base steel despite grain growth. In the future, we will investigate the reason of yield strength increase in the HAZ with careful microstructure analysis.
Microstructure and tensile properties of the HAZ samples
Concluding remarks
Effect of V addition on the microstructure and tensile properties in the base steel and the HAZ of austenitic Fe-30Mn-9Al-0.9C low density steels were explored. The addition of V led to the improvement of tensile properties by the grain refinement and precipitation hardening, resulting from the precipitation of VC particles. VC particles exhibited the cube-cube [011] γ // [011] VC orientation relationship with the austenite matrix. Tensile strength and elongation decreased in the weld HAZ as compared to the base steel, which may be due to grain growth during high temperature thermal cycle in the HAZ, while V-added steel had a higher HAZ strength than V-free steel.
